A capacity model for shear strength of reinforced-concrete exterior beam-column joints subjected to quasistatic cyclic loading is established. In this model, only a fraction of this force is asserted to be transferred into the joint core, the remainder is assumed to be transferred into the adjacent column. A biaxial failure criterion of concrete is adopted to predict shear failure of the joint core caused by a combination of principal compression and tension stresses. The contribution of the shear reinforcement is accounted for by improving the tensile strength of the concrete. In addition, the special features of the proposed model include: first, the asynchronicity of concrete and shear reinforcement in tensile strength is taken into account and, second, the role of column axial stress is accounted for by its influence on both the magnitude and direction of principal tensile and compressive stresses at the joint core. The validity of the proposed model is evaluated by comparing the predicted shear strengths with 142 test results collected from the literature and with five other analytical models. This evaluation showed that the proposed model can predict shear strength with better reliability. A capacity model for shear strength of reinforced-concrete exterior beam-column joints subjected to quasi-static cyclic loading is established. In this model, only a fraction of this force is asserted to be transferred into the joint core, the remainder is assumed to be transferred into the adjacent column. A biaxial failure criterion of concrete is adopted to predict shear failure of the joint core caused by a combination of principal compression and tension stresses. The contribution of the shear reinforcement is accounted for by improving the tensile strength of the concrete. In addition, the special features of the proposed model include: first, the asynchronicity of concrete and shear reinforcement in tensile strength is taken into account and, second, the role of column axial stress is accounted for by its influence on both the magnitude and direction of principal tensile and compressive stresses at the joint core. The validity of the proposed model is evaluated by comparing the predicted shear strengths with 142 test results collected from the literature and with five other analytical models. This evaluation showed that the proposed model can predict shear strength with better reliability.
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Introduction
Beam-column joints are considered as the critical regions of reinforced-concrete (RC) structures, as their failures lead to deterioration of the whole performance of frames under seismic loading. It has been recognised that beam-column joints resist both horizontal and vertical joint shear forces, which are developed by bending moments of opposite signs at member ends on either side of the joint core. The combination of column axial force and the joint shear forces result in principal tension and compression that leads to diagonal cracking and/or crushing of concrete in the joint core, leading to brittle shear failure of the joint. Therefore, to improve the safety of whole RC structures under seismic loading, the shear strength and ductility of the beam-column connections must be considered carefully so that brittle joint shear failure is avoided.
The shear capacity of RC joints is influenced by the concrete strength, joint panel geometry, reinforcement confinement, column axial load and reinforcement bond condition (Hitoshi, 2012; Kim and LaFave, 2007; Park and Mosalam, 2012a) . Although much effort has been made in this area, there are still some inconsistencies in the standard codes for predicting shear strength of RC beam-column connections (ACI 318R (ACI, 2008); AIJ, 1999; Eurocode 8 (BS EN 1998-1; BSI, 2004); NZS 3101 (SNZ, 1995) ). For example, NZS 3101 (SNZ, 1995) considers the influence of column axial load on the joint shear strength, but this is neglected in the other standards; each currently exsiting standard codes also has a different definition of effective joint width. Moreover, some researchers (Marques and Jirsa, 1975; Meinheit and Jirsa, 1977; Pantazopoulou and Bonacci, 1992) have concluded that column axial load has no coherent effect on the joints' shear strengths. Other researchers (Clyde et al., 2000; Pantelides et al., 2002) have confirmed that an increase in column axial load leads to improvement in the joint shear strength, while Park and Mosalam (2012b) showed that the joint shear strength is not clearly affected by the column axial.
The roles of shear reinforcement have also been debated by researchers. The horizontal shear reinforcement improves shear strength of the joint by confining the concrete core and by directly resisting a fraction of the shear force. Various models (Bakir and Boduroglu, 2002; Hegger et al., 2003; Kim et al., 2009; Parker and Bullman, 1997; Paulay and Priestley, 1992; Sarsam and Phipps, 1985; Vollum and Newman, 1999) have suggested an inconsistent contribution of shear reinforcement to the shear strength of the joint. This confirms that researchers have not stopped to debate whether or how the shear reinforcement can resist the shear force at the joint.
In order to predict the shear strength of the joint, most of the theoretical models have been developed based on either the strut-and-tie (SAT) approach or the average plane stress approach with compatibility of strains and stress equilibrium. Despite being based on the SAT or average approach, in most of the existing models, the beam longitudinal reinforcement tensile force was assumed to be transferred totally into the joint core in terms of bond forces to cause joint shear failure. However, many experimental studies have shown that failure of the joint not only occurred at the joint core, but also developed into the upper and lower columns Tran, 2014, 2015; Wang et al., 2012) . In addition, a recent study showed that the contacting area between the beam longitudinal reinforcement and the surrounding concrete has a significant role in the joint shear strength. These facts lead to the idea that the beam longitudinal reinforcement tensile force transferred just a fraction of that force into the joint core. Therefore, in this paper, a new shear strength model based on the average plane stress approach is developed for exterior RC beam-column joints. In the proposed model, the beam bars' tensile force was assumed to be transferred partly into the joint core and partly into the adjacent columns. A biaxial ultimate strength envelope is employed to predict shear failure of the joint core caused by the combination of tension and compression stresses. Thus, both the compressive crushing of the strut and the tensile cracking of the concrete core were considered. The role of the joint shear reinforcement in the joint panel was considered by its contribution to the nominal tensile strength of concrete, in which the asynchronicity of concrete and shear reinforcement in tensile strength are considered. Additionally, the influence of column axial load is integrated into the model by contributing to the values of both the inclination angles and the magnitudes of the principal compression and tension stresses. A large database of the results obtained from 142 experimental tests was used to calibrate the proposed shear strength model.
Development of analytical model
2.1 Assumptions In beam-column connections that are designed following the strong-beam-weak-column philosophy, the typical failure is the formation of column flexural cracks at the column-beam interfaces. These cracks reduce the possibility for the beam longitudinal reinforcement to transfer bond stress into the columns. Thus, most of the bond stress of the beam bars transfers predominantly into the joint core. However, in most connections, which are designed with the strong-column-weak-beam philosophy, the column's flexural cracks at the column-beam interfaces are insignificant, thus the fraction of the beam bars' tensile force transferred into the column is significant, and therefore only a fraction of the beam bars' tensile force transfers into the joint core. This mechanism explains why diagonal cracks develop not only at the joint core but also at the columns close to the joint and the beam longitudinal reinforcement has a significant influence on the joint shear strength, as stated by Tran et al. (2014) . For the above reasons, in this study, a fraction of the beam bars' tensile force was assumed to be resisted by the joint core and the remaining fraction was assumed to be resisted by the adjacent column. It is also worth mentioning that most of the existing models have assumed that the tension force of the beam reinforcement (T sb in Figure 1 ) was totally clamped by the joint core, whereas Priestley (1993) recommended that only 50% of T sb was clamped by the joint shear mechanism, because the other 50% was clamped by the diagonal compression strut at the adjacent column.
The proposed truss mechanism of the exterior beam-column connection is shown in Figure 1 . The magnitude of beam tension force transferred into the column depends on the development length, h l , of the beam reinforcement and the reinforcement-concrete bond strength, (μ( f sb )). This fraction depends on the level of beam reinforcement tensile stress ( f sb ), because the reinforcement-concrete bond strength depends on the tensile strain of reinforcement and the bond can be deteriorated when the reinforcement is yielded. In other words, the bond stress in the upper face of the top of beam bars was assumed to transfer a fraction of the beam bars' tension force into the column. The considered anchorage detail of beam longitudinal bars was the 90°hooks on the top and bottom bars bent into the joint region, because this is conventional and, with the presence of the hooks, the assumption that the beam tensile reinforcement does not slip is reasonable.
Figures 2(a), 2(b) and 2(c) show the forces at a RC exterior beam-column joint, the plane stress state at the centre of the joint and the assumed failure envelope of the concrete at the joint core, respectively. The assumption is that the joint shear strength is reached when the principal tensile and compressive stresses (σ 1 and σ 2 ) of concrete at the centre of the joint (Figure 2(a) ) reach the failure envelope. From these figures, using the derivation methods presented by Tsonos (2007) and Wang et al. (2012) , Equations 1-4 are established as 1:
is the joint shear stress; σ y = N c /(b c h c ) is the normal vertical compressive stress; b j is the effective joint It is noted that, in contrast to the models of Tsonos (2007) and Wang et al. (2012) , in this model the Tasuji et al. (1978) failure criterion is applied, the joint shear force, V jh *, and the nominal modified tensile strength of the concrete, f ct *, are developed rationally. The derivations of V jh * and f ct * are presented in more detail in the following sections.
Global equilibrium
The global equilibrium of a RC exterior beam-column joint is shown in Figure 3 . The beam flexural moment at the beamcolumn interface and the column shear force at the top face of the beam are presented as follows
where V b and V c are the beam and the column shear forces, respectively; L is the length from the beam end to the beamcolumn interface; H is the height between the upper and lower column inflection points; A sb , f sb are the area and the stress of the beam tensile reinforcement at the beam-column interface, respectively; h b 0 is the internal moment arm of the beam crosssection at the beam-column interface; h c is the width of
Figure 2. Forces and failure mechanism of an exterior beam-column joint: (a) forces at an RC exterior beam-column joint; (b) plane stress state at the centre of a joint; (c) assumed failure envelope of the concrete at the joint core (Tasuji et al., 1978 )
Column cross-section 
As proposed by Park and Mosalam (2012a) , the horizontal shear force at the joint can be simplified as 8:
As a fraction of the shear force at the joint is transferred and resisted by the upper column, the shear force resisted by the joint core can be calculated as follows
where V jh c is the shear force transferred to the upper column in terms of bond stress. As can be seen in Figure 1 , the magnitude of V jh c can be derived as follows
where the bond fraction κ illustrates the fraction of the bond force along the length h l of the beam longitudinal reinforcement that is transferred into the upper column. In ideal cases, when no flexural crack has occurred along the top beam bars, κ = 0·5 (half of the bond force in the development length h l transfers into the upper column); in most cases, 0 < κ < 0·5; n is the number of beam longitudinal bars in tension with average diameter d b . Note that μ( f sb ) is the bond stress distribution along the beam bars in the distance h l (Figure 1 ) as a function of the tensile stress of the beam bar f sb . The x-axis is depicted in Figure 1 , where the origin of the axis starts at the outside edge of the column core as recommended by ACI 352R (ACI, 2002) for determining critical sections for development of longitudinal member reinforcement. In this study, the bond fraction κ and the distance h l are investigated in the following section by varying them from 0·3 to 0·5 and 0·5h c to 0·8h c , respectively.
2.3
Fraction factor The shear force resisted by the joint core can be expressed in terms of a fraction factor β as follows 11:
The fraction factor β illustrates the ratio of shear force resisted by the joint core. The magnitude of the fraction β is related to the bond deterioration of the beam tension reinforcement. As explained above, when the shear force transferred to the upper column in terms of bond stress is insignificant, most of the beam bars' bond stress transfers into the joint core, thus the fraction factor β leads to a maximum value of 1 (100% of tension force of beam reinforcement claimed by the joint core). The fraction factor β reaches the lowest limit of 0·5 (50% of tension force of beam reinforcement claimed by the joint core and the other 50% claimed by the adjacent column) when the beam bars-concrete bond is perfect and the development length of the beam tension reinforcement is sufficient. In the proposed model, the bi-uniform bond strength model proposed by Lehman and Moehle (2000) was adopted to express the bond strength of the beam tension reinforcement. The bond strength in elastic beam tensile reinforcement,
Þ and that in the inelastic beam tensile reinforcement, μ( f sb ≥ f sby ) = μ y = 0·5μ E . From Equations 10 and 11, β is derived as follows 12:
where 13:
is the average yield stress of beam longitudinal tension bars.
2.4
Determination of the modified concrete tensile strength, f ct *, and the inclination angle, θ In the proposed model, the concrete and the joint shear reinforcement, which includes the intermediate longitudinal steel bars of the column passing through the joint (excluding the edge bars), A jv and the horizontal steel shear reinforcement between the top and bottom main steel bars of the adjacent beam, A jh were assumed to be idealised as an equivalent homogeneous material in a biaxial plane stress state. The contribution of the joint shear reinforcement is accounted for by increasing the nominal tensile strength of the idealised homogeneous material. A similar assumption has been used in strut-and-tie models (Tan et al., 2001; Wang and Meng, 2008) for predicting shear strength of deep beams and in the average plane stress model (Wang et al., 2012) for predicting shear strength of beam-column connections. However, one of the superior features of the proposed model is that the asynchronous nature of concrete and shear
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in tensile strength is considered. The way to determine the modified concrete tensile is presented below.
The average tensile stress-strain relationships of the concrete and the joint shear reinforcement are assumed as shown in Figure 4 . The nominal tensile strength, f ct , of concrete is reached at cracking strain, ε cr , as given by ACI 318R (ACI, 2008) 14:
The average nominal tensile strength, f jsy , of the joint shear reinforcement is reached at yield strain ε jsy and can be determined as follows
15:
where f jhy and f jvy are the yield strength of the horizontal and the intermediate vertical shear reinforcement of the joint, respectively.
Figure 4 also shows the nominal total tensile strength f ct * of the concrete and the steel reinforcement. Because the concrete and the steel reinforcement cannot reach their strength simultaneously, in cases when f jsy ≥ f ct + (ε cr /ε jsy )f jsy (Figure 4(a) ), the nominal modified tensile strength f ct * can be determined as f ct * = f jsy , otherwise (Figure 4(b) ), it can be determined as f ct * = f ct + (ε cr /ε jsy )f jsy . Therefore, the nominal modified tensile strength can be calculated as follows
16
:
In general, the cracking strain ε cr of pure concrete is much lower than the yield strain of joint shear reinforcement. In RC the cracking strain of the concrete may be increased but cannot reach the yield strain of the shear reinforcement. Therefore, the strain ratio r = ε cr /ε sjy is assumed to be smaller than unity and, in this model, this ratio is investigated in the subsequent section by varying it from 1/1 to 1/10. The strain ratio represents the possibility of the concrete and the shear reinforcement to work together in resisting the principal tensile stress σ 1 . When this ratio is close to unity, it means the concrete and the shear reinforcement work well together in resisting the shear load and vice versa.
Replace τ jh = σ 1 /tan θ from Equation 1 into Equation 3, obtaining tan θ/(1 − tan 2 θ) = σ 1 /σ ytan θ. Solving this equation, the following is obtained 17:
Assuming that when the shear strength of the joint is reached, the nominal principal tension stress at the centre of the joint reaches the modified tensile strength, f ct *, the inclination angle θ, therefore, can be calculated as tan 
From Equation 8 the shear strength of the joint can be expressed as follows
21:
From Equations 12 and 19 the stress of the beam tensile reinforcement at the beam-column interface, f sb , can be calculated as follows
22:
As mentioned above, when the beam tensile reinforcement has not yielded, the bond strength,
can be rewritten as 23:
When the beam tensile reinforcement has yielded, the bond strength,
can be expressed as 24:
The shear strength of the joint, therefore, can be determined as follows.
In cases where f sb,JS < f sby ( f sby is the average yield strength of beam tensile reinforcement), the beam-column connections have failed in joint shear failure mode without beam bar yielding (JS mode), the fraction factor, β, and the shear strength, V jh , of the joint are calculated by using Equations 8 and 12, respectively, with the bond strength, μ s ¼ 1Á0ð f c 0 Þ 1=2 and
In cases where f sb,BY−JS ≥ 1·25f sby , the beam-column connections are assumed to be failed by formation of beam hinges (BH) close to the beam-column interfaces (Hwang and Lee, 2002; Tsonos, 2007) , the fraction factor, β, is calculated by using Equation 12 with the bond strength, μ s ¼ 0Á5ð f c 0 Þ 1=2 and the shear strength of the joint is calculated using Equation 8 with f sb = 1·25f sby .
In other cases, the beam-column connections have failed in joint shear failure mode with yielding of beam bars (BY-JS mode), the fraction factor, β, is calculated by using Equation 12 with the bond strength, μ s ¼ 0Á5ð f c 0 Þ 1=2 and the shear strength of the joint is calculated using Equation 8 with f sb = f sb,BY−JS . Consequently, the joint shear strength of the exterior beam-column connection can be calculated using the procedure illustrated in Figure 5 .
Verification of the proposed model
From the published literature (Table 1) , 142 experimental RC exterior beam-column joints have been collected to verify the proposed model. The failure modes of the collected specimens were JS, BY-JS or BH, detail of the selection criteria can be seen in Tran et al. (2014) . The collected database covers a broad range of various parameters including joint reinforcement ratio, concrete strength, column axial average stresses and h b /h c ratio, as summarised in Table 1 . In the database, 46 specimens failed in JS mode, 52 specimens failed in BY-JS mode and the remaining 44 specimens failed in BH mode. The concrete strengths of the specimens range from 15·4 to 93·8 MPa; the column axial stresses range from −4% to 40% of its axial strength; and h b /h c ratio ranges from 0·9 to 2. The test shear force, V jh,test , and the predicted shear strength, V jh,model , calculated following the proposed model are also presented in Table 1 . The summarised test shear forces, V jh,test , were either collected from the reported values or derived using 200  200  300  37·0  308  485  302  495  616  485  139  150  0·93  BH/BH  S2  200  200  200  300  26·0  305  513  302  495  616  485  146  156  0·93  BH/BH  S6'  200  200  200  300  29·0  616  485  302 Equations 5 and 7 based on the maximum applied load measured from the test. In this study, the moment arm of the beam cross-section is assumed to be 80% of the total height of the beam cross-section, h b .
It can be seen from Table 1 that the predicted shear strength of the exterior beam-column joints is closely in agreement with the test values. The proposed model predicts the joint shear strength of the database with a mean value of 1·00 for the ratio between the test results and the model prediction and the corresponding coefficient of variation of 11·8%. As the model predicts the shear strength of the joints by way of the beam tensile reinforcement stress, it can predict beam reinforcement yield and failure mode of the joints, as shown in Table 1 . It is noted that, in Table 1 , the predictions of joint shear strength are made with h l = 0·65h c , κ = 0·40 and r = 0·5, which are determined from Figure 6 corresponding to the best correlation with the experimental results, indicating that the analytical predictions are acceptable for the suggested ranges of h l , κ and r.
In Figure 7 , the evaluation results using the proposed model are compared with those from five existing joint shear strength models proposed by Hwang and Lee (2002) , Tsonos (2007) , Wang et al. (2012) , Scott et al. (1994) and Kim et al. (2009) . The four former models are theoretical while the last one is an empirical model. These models were chosen for comparison because they are the latest available models and represent models developed basing on the existing approaches. The test-to-predicted average strength ratio (Avg) and its coefficient of variation (COV) are also included in Figure 7 . It can be seen from the figure that a better accuracy of the proposed model is clearly demonstrated.
The good prediction of the proposed model indicates that the adopted linear failure envelope and the proposed assumptions are acceptable. For specimens with BH failure mode, the Lee (2002) model and Tsonos (2007) model give the same prediction as the proposed model because they are all based on the assumption that the beam fails when the tensile stress of beam reinforcement reaches the value of 1·25f sby . However, for specimens with JS or BY-JS, both these models give less accuracy than the proposed model. The reasons for these two models being less accurate can be explained as follows. The accuracy of the Hwang and Lee (2002) model depends significantly on the determination of the width of the diagonal strut, but it is difficult to estimate accurately. In the Tsonos (2007) model the contribution of shear reinforcement to the tensile strength of the concrete is ignored, while its contribution to improving the compressive strength of the concrete is exaggerated. 
Variation of the fraction factor
As discussed above, the fraction factor is the important parameter that controls the percent of shear force resisted by the joint and thus, it affects the accuracy of the predicted joint shear strength. From the above analysis, it can be seen that the magnitude of the fraction factor is proportional to h c and ð f c 0 Þ 1=2 , while it is inversely proportional to f sby and d b . The variation of the fraction factor with the
is shown in Figure 9 . For the collected database, β ranges from 0·69 to 0·91 with an average value of 0·84 and it reduces with the increase of h c ð f c 0 Þ 1=2 =ð f sby d b Þ ratio. It can also be seen from Figure 9 that, for the joints failed with yielding of beam tensile bars (BY-JS and BH failure modes), the fraction factor is significantly high. The average values of the fraction factor for the joint failure in JS, BY-JS and BH modes are 0·8, 0·86 and 0·86, respectively. It is also noted that, in the collected database, the h c ð f c 0 Þ 1=2 =ð f sby d b Þ ratio ranges from 0·09 to 0·44.
In some cases, when the T-connections are designed with h c ð f c 0 Þ 1=2 =ð f sby d b Þ ratio larger than 0·44, from Figure 9 it can be seen that the fraction factor tends to reduce to the minimum value of 0·5, which was proposed by Priestley (1993) for calculating the shear strength of a very strong column and beam but a weak joint.
Conclusions
An analytical shear strength model for exterior beam-column connections was developed based on the average plane stress concept. In the proposed model, a fraction of the beam bars' tension force was assumed to be resisted by the joint core, while the remainder was assumed to be resisted by the adjacent column. The ratio of joint shear force resisted by the joint core was expressed in terms of the fraction factor, which was formulated using the bond resistance of the concrete surrounding the beam longitudinal tensile reinforcement within the joint region. The biaxial failure envelope of concrete was adopted to predict the shear failure of the joint core caused by a combination of compressive and tensile stresses. The contribution of shear reinforcement and column axial load on shear strength of the joint was considered. The asynchronicity of concrete and shear reinforcement in tensile strength was accounted for in the model. Finally, a procedure for the proposed analytical model was outlined for design applications.
The proposed model was validated by comparison with results of a large database of exterior beam-column joints subjected to cyclic loading collected from the literature. These comparisons have shown the superiority of the proposed model in predicting exterior joint shear strength. A parametric study was also conducted using the collected database. This study illustrates that the proposed assumptions including the role of column axial stress and joint shear reinforcement are justified. Finally, the study proved that the key parameters of an exterior joint were successfully integrated in the proposed model. 
